Glioblastoma multiforme (GBM) exhibits high resistance to the standard treatment of temozolomide (TMZ) combined with radiotherapy, due to its remarkable cell heterogeneity. Accordingly, there is a need to target alternative molecules enhancing specific GBM autocrine or paracrine mechanisms and amplifying the effect of standard treatment. Sphingosine 1-phosphate (S1P) is such a lipid target molecule with an important role in cell invasion and proliferation. Sphingosine kinase inhibitors (SKI) prevent S1P formation and induce increased production of reactive oxygen species (ROS), which may potentiate radiation cytotoxicity. We analyzed the effect of SKI singular versus combined treatments with TMZ and radiation on 2 human GBM cell lines characterized by a lack of MGMT expression and low or high expression of the anti-oxidant enzyme, glutathione peroxidase 1 (GPx1). Effects were drug concentration-, cell line-dependent and partly ROS-mediated. Clonogenic survival assay demonstrates that SKI was more effective than TMZ in increasing the sensitivity of U87 cells, which express low GPx1 amount, to a 2 Gy X-ray dose. Addition of both SKI and TMZ drastically decreased U87 cells survival compared with the combination temozolomide/radiation. SKI less effectively than TMZ sensitized LN229 cells to the 2 Gy X-ray dose. Its combination to TMZ in absence of irradiation was as efficient as TMZ combination with Xray. We provide first evidence for SKI as an alternative or complementary treatment to TMZ, and for efficient combinations of low doses of drugs and X-ray. These may help as novel bi-modal and tri-modal therapies to contend with GBM heterogeneity.
Introduction
Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor characterized by high intra-and inter-tumor heterogeneity. [1] [2] [3] This heterogeneity is the hallmark of GBM resistance to the standard multi-modal treatment that encompasses surgery, radiation and chemotherapy with temozolomide. 4, 5 The invasive nature of GBM cells and their diffusion in the brain parenchyma makes a total surgical rejection of the tumor impossible. 6 A known resistance factor to radiation therapy is the hypoxic microenvironment, a characteristic feature of GBM. 7 The existence of oxygen gradients within the tumor tissue and differences in oxygenation status among patients, 8 are common causes for planned therapy failure and poor patient prognosis. 9 For those reasons, it is important for treatment planning to assess tissue hypoxia and resistance mechanisms induced by hypoxia (e.g. induction of stemness and invasion and migration). 10, 11 It has recently been shown that cells exposed to chronic cyclic hypoxia became tolerant hence resistant to ROS-inducing treatments such as ionizing radiation via the upregulation of their anti-oxidant capacity. 12 We have observed that one of the main enzymes involved in ROS detoxification, the glutathione peroxidase 1 (GPx1), was an essential component of the resistance of GBM cells to oxidative stress and we postulated its critical role in the regulation of the oxidative stress response in GBM. 13 TMZ is an imidazotetrazine alkylating agent that crosses the blood brain barrier. The cytotoxicity of TMZ is the result of the formation of O 6 -methylguanine (O 6 MeG) in the DNA which causes mispairing during DNA replication and thus DNA damage.
14 However, tumor cells can circumvent the effect of TMZ when expressing O 6 MeG DNA methyltransferase (MGMT) that demethylates the O-6 position of the substrate guanine in the DNA strand. 15, 16 In view of these various resistance mechanisms, it is not surprising that the median survival of GBM patients is 15-25 months after diagnosis and treatment. 17 Considering the poor prognostics for patients, the pressing need for novel therapeutic approaches is thus evident. 18 Sphingosine-1-phosphate (S1P) is a bioactive lipid involved in glioblastoma proliferation, invasion and survival. 19 Neurons and astrocytes produce S1P as well as GBM cells. S1P production actually increases in GBM and has been reported to correlate with the malignancy grade.
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20 S1P results from the phosphorylation of sphingosine by 2 intracellular isoenzymes: sphingosine kinases 1 and 2 (SphK1/2) 21 and is translocated extracellularly. S1P binds to extracellular S1P receptors 22 which in turn induce autocrine signaling cascades 23 and promote GBM cells survival and migration. [24] [25] [26] Inhibitors of SphK thus represent promising anti-cancer agents 27, 28 that may act at different levels. Besides impacting on S1P production and its functional consequences, inhibition of SphK1 has been reported to lead to death of glioblastoma cells 29 and to sensitize cells to chemotoxic drugs. 30 Moreover, it might have a radiosensitizing potential. SphK inhibition was indeed reported to induce formation of reactive oxygen species (ROS) in carcinoma cells. 31 We have shown that the pharmacological inhibition of SphK by a low dose (10 mM) of the SphK inhibitor (SKI) SKI-II 32 induces an endoplasmic reticulum stress and an oxidative stress in a human GBM cell line. 33 We furthermore demonstrated that combination of such low doses of SKI-II and non-lethal doses of TMZ induces cell death in various human GBM cell lines. This effect was specifically directed at GBM cells and no other cell types. 33 Based on these observations, we decided to address the potential of SKI to interact with ionizing radiation by using the clonogenic assays. 34 We examined the radiosensitivity of the 2 human glioblastoma cell lines U87 and LN229 after mono SKI treatment and after its combination with TMZ. Our findings show a clear increase in radiosensitivity for both cell lines pretreated with sub-lethal concentrations of SKI and TMZ before application of low X-ray doses.
Results

Effect of sphingosine kinase inhibitor and temozolomide on cell survival
To evaluate the effect of the sphingosine kinase inhibitor (SKI-II, referred thereafter as SKI) on glioblastoma cell survival, U87 and LN229 cells were treated with increasing SKI doses (Fig. 1, left panel) , chosen on the basis of our previous observations. 29, 33 The results of the clonogenic survival demonstrate a clear, dose-dependent cytotoxic effect of SKI on both cell lines. This effect was comparable in efficacy to the known cytotoxic effect of temozolomide (TMZ; Fig. 1, right panel) . However, the cell lines displayed different sensitivities. The cytotoxic effect of TMZ was significantly more pronounced in LN229 cells, whereas SKI more strongly affected the survival of U87 cells.
Comparison of clonogenic survival after irradiation and drug treatment
We then assessed the potential of singular and combined treatment to increase the cells sensitivity to radiation. SKI and TMZ were applied at low (5 mM TMZ, 10 mM SKI) and at higher (10 mM TZM, 20 mM SKI) concentrations before irradiation with a low, clinically relevant X-ray fraction dose (2 Gy). As shown in Fig. 2A , a mono-treatment of U87 cells with SKI was as effective (at the low concentration) as, and more effective (at the higher concentration) than the applied dose of X-ray. SKI effect was not affected by its combination to TMZ at any dose. Low concentrations of SKI, TMZ and the combination of both had similar effects on cells sensitivity to the clinically relevant X-ray dose. Increase in drug concentrations led to increased radiation cytotoxicity after treatment with SKI, which was more efficient than TMZ. The increased radiosensitivity triggered by SKI resulted in abrogation of survival when SKI was combined with TMZ, indicating the strong cytotoxic efficacy of this tri-modal treatment. Fig. 2B shows that LN229 cells were not as sensitive as the U87 cells to treatment with the low concentrations of drugs. Their response profile is however similar to that of the U87 cells, except that the effects observed for SKI in U87 cells are those observed for TMZ in LN229 cells, reflecting the higher sensitivity of LN229 cells to TMZ (Fig. 2B, left) . Mono-treatment of LN229 cells with increased concentrations of SKI or TMZ strongly enhanced their radiosensitivity. The combination of the drugs at those higher concentrations was very cytotoxic per se with no remaining surviving colonies and, as expected, addition of X-ray did not amplify this effect (Fig. 2B, right) .
Combination of different irradiation doses with SKI and TMZ
We next tested the effects of increasing the X-ray doses on cells pretreated with the fixed low and higher concentrations of SKI and TMZ. Increase in irradiation led to the clear enhancement of cytotoxicity, when combined with low concentrations of SKI and TMZ, both in U87 and LN229 cells (Fig. 3A, 3B ). As reported in Fig. 2 , the combination of higher concentrations of SKI and TMZ was per se very cytotoxic, namely for the LN229 cells. An additional effect of irradiation was not observed in case of the LN229 cells, whereas addition of sub-lethal X-ray irradiation doses (1 and 2 Gy) sufficed to decrease U87 cells survival below 10%.
Role of reactive oxygen species in cell survival after irradiation and drug treatment
The previous results indicate a clear difference between the cell lines response to the cytotoxic effects of single or combined treatment. LN229 cells, which similarly to U87 cells lack a detectable expression of MGMT 35 ( Fig. 4A, right) , however were more sensitive to TMZ cytotoxicity (Fig. 1) . U87 cells, which in contrary to LN229 cells express lower levels of the anti-oxidant glutathione peroxidase 1 (GPx1) (Fig. 4A, left) were more sensitive to SKI toxicity (Fig. 1) . This prompted us to investigate the possible role of reactive oxygen species (ROS) in the cell death induced by the drug and irradiation treatment. For this purpose, cell death rescue experiments were performed with the ROS scavenger N-acetylcysteine (NAC). 35 As shown in Fig. 4B , NAC per se was not cytotoxic to the cells. Addition of NAC to any drug and irradiation condition did not affect the survival of LN229 cells significantly. It however significantly increased the survival of U87 cells to SKI or TMZ treatment, to irradiation and to the combination of irradiation with either drug. These results suggest that ROS induced by SKI or irradiation contribute to a larger extent to cell death in the GPx1 deficient U87 cells than in the GPx1 proficient LN229 cells.
Discussion
Since the first clinical trials with dual TMZ and irradiation therapy that showed improved GBM patient prognosis, 36 TMZ has become part of the standard therapy for GBM patients. Even though the combination of TMZ and radiotherapy showed certain improvement for GBM patients, the recurrence rate is still high and median survival is unsatisfactory. Currently, different experimental strategies and clinical trials are evaluating potential radiosensitizers for GBM treatment. 37, 38 Only few studies have analyzed the radiosensitizing potential of SKI. This has been shown up to now in the case of prostate and head and neck cancer cells. 39, 40 To our knowledge, the study we report here demonstrates for the first time the capacity of SKI to strongly increase the radiosensitivity of 2 human GBM cell lines, thus supporting its radiosensitizing potential. This effect is even higher than that of TMZ in U87 cells, a cell line expressing low level of GPx1, hence lacking an efficient anti-oxidant response. Moreover, this study indicates the efficacy in combining oxidative stress-inducing drugs such as SKI and TMZ with irradiation, putting forward a basis for alternative tri-modal therapies.
Characterization of the sensitivity of the 2 cell lines to SKI and TMZ revealed an interesting correlation between a high sensitivity to SKI and low GPx1 expression. The low GPx1 expression is expected to negatively affect the overall capacity of the cells to scavenge ROS. As a consequence, accumulation of ROS generated through SphK inhibition should results in low cell survival. We therefore tested this hypothesis with a cell death rescue experiment. Utilization of the ROS scavenger NAC successfully altered SKI cytotoxicity in U87 cells. This result, in agreement with our previous demonstration for another GBM cell line, 13, 33 indicates the contribution of ROS to the SKI-induced cell death. These current observations thus emphasize the therapeutic value of GPx1 as an indicator for the cell sensitivity to oxidative stress, by irradiation (note the protective effect of NAC to irradiation cytotoxicity in U87 cells) or by ROS inducing compounds such as SKI. NAC also protected the U87 cells against the cytotoxicity of 10 mM TMZ, suggesting a possible contribution of ROS to TMZ effects, as previously reported. 41 Sensitivity of the 2 cell lines to TMZ inversely correlated with their sensitivity to SKI. Difference in TMZ sensitivity could not be assessed to a difference in their expression of MGMT, which both lacked. However, TMZ resistance is not only linked to MGMT expression and a plausible explanation for the higher sensitivity of LN229 cells to TMZ might lie in their lack of alternative DNA repair mechanisms. 42 At low concentrations, the effects of TMZ or SKI to potentiate cell sensitivity to radiation were comparable, in each cell line. The cytotoxic effect of this bi-modal treatment increased with higher concentrations of each drug and correlated with the sensitivity of the cell line to either SKI or TMZ. The efficacy of combining both drugs in absence of irradiation was concentration-dependent and varied according to the sensitivity of the cell line to SKI or TMZ. Pretreatment with low concentrations of SKI combined to TMZ drastically increased the radiosensitivity of both cell lines. The strong improvement in cytotoxicity indicates the strong beneficial effect of such a tri-modal treatment over the singular irradiation or singular drug combination treatment.
Considering the cellular heterogeneity of GBM, it is conceivable that cells resembling U87 and LN229 cells, i.e. with various capacities for anti-oxidant response or DNA repair functions, might co-exist in the same tumor. Our present data illustrate the therapeutic relevance of tri-modal options in such conditions. We would like to point out that we used low concentrations of SKI (10 and 20 mM) that we showed to be non-lethal for non tumoral cells, such as astrocytes and neurons. 29, 33 We used as well concentrations of TMZ (5 and 10 mM), which are much lower than those usually applied for in vitro assays (100 mM). Singular or combined uses of these low concentrations however were very effective in potentiating the radiation cytotoxicity in the cell lines we tested.
Altogether, our data strengthen the therapeutic relevance of SKI as a radiosensitisizer. They confirm the therapeutic value of GPx1 and that of oxidative status as relevant parameters for treatment strategies. Further studies to demonstrate the clinical relevance of such tri-modal options to these highly heterogeneous tumors are warranted.
Material and methods
Cell lines and culture conditions
The human glioblastoma cell lines U87 and LN229 were obtained from the American Type Culture Collection (ATCC).
Cells were grown in complete growth medium (cDMEM), consisting of Dulbecco's Modified Eagle Medium (DMEM, Sigma) supplemented with 10% heat-inactivated Fetal Calf Serum (FCS, PAA), 2 mM glutamine (Invitrogen) and 50 mg/ml Gentamycin (Invitrogen) at 37 C and 5% CO 2 atmosphere.
Cell treatment
Cells were seeded in triplicates in 6-well plates containing cDMEM in numbers necessary for forming individual colonies (300 to 2500 cells depending on the cell line and condition). After 1 to 2 h attachment to the plates, cells were mock treated (DMSO 0.1%) or with temozolomide (5 mM or 10 mM, Sigma) and/or with the sphingosine kinase inhibitor SKI-II (10 mM or 20 mM; Sigma) for 2 h at 37 C, 5% CO 2 . Both temozolomide and SKI-II were dissolved in DMSO and diluted in cDMEM. Cells were thereafter left non-irradiated or irradiated at different X-ray doses. After irradiation, cells were incubated for an additional 2 h in presence or absence of the drugs. At the end of this 4 h treatment, supernatants were removed by aspiration, cells were washed with PBS, fresh cDMEM was added and the plates were returned to the incubator for colony formation. Non-treated cells and non-irradiated cells were used as a control.
For cell death rescue experiments, cells were seeded, treated and incubated for colonies formation as described above, with the following modifications: 200 LN229 and 400 U87 cells per well were seeded in triplicates; 5 mM N-Acetylcystein (NAC, Sigma; dissolved in DMSO and diluted in cDMEM) was added at the time of the treatment with 20 mM SKI or 10 mM TMZ. Non-treated cells and non-irradiated cells were used as a control.
Irradiation set-up
Cells were irradiated with 1, 2, 4, 6 gray (Gy) using X-RAD 320 cabinet X-ray irradiator (Precision X-ray) at 320 keV and a dose rate of 112 cGy/min. Filter comprised 0.75 mm tin C 0.25 mm copper C 1.5 mm aluminum (half value layer D 3.7 mm copper).
Clonogenic survival assay
Clonogenic survival assay was modified from a described previously protocol. 34 After colony formation, cells were fixed with 3.7% paraformaldehyde for 5 min and labeled with 0.05% crystal violet for 15 min. Colonies containing more than 50 cells were counted as survivors. Curve fitting for surviving fraction was done using linear quadratic model as described. 43 Protein expression analysis U87 and LN299 cells were lysed and western blot performed as described. 13 Membranes were incubated with primary antibodies in the blocking buffer (PBS containing 5% milk and 0.1% Tween-20) overnight at 4 C. The primary antibody against human glutathione peroxidase 1 (GPx1, Abcam) was used at the dilution of 1:800. The primary antibody against O-6-methylguanine-DNA methyltransferase (MGMT; Cell Signaling) was used at the dilution of 1:1000. The loading control primary antibody against actin (MP Biomedical) was used at the dilution of 1:2000.
Statistical analysis
Data are presented as means and standard deviations (SD). Statistical significance was determined using unequal variance ttest (2 tailed 
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.
